S U M M A R Y
The temperature of a 10-point vertical profile at the rock-atmosphere interface has been monitored since 2000 September in an underground vault at Aburatsubo, Japan, where resistivity variations have been reported in association with earthquakes. The non-ventilated vault is characterized by an annual temperature variation of about 1.2
• C peak to peak, compatible with thermal diffusion in the surrounding tuff rock, and by a long-term temperature increase of about 0.1
• C per year, possibly due to a local or global climate change. Owing to a careful relative calibration of the 10 thermistors used in this experiment, these data establish that the ceiling temperature is higher than the floor temperature by 0.04 to 0.28
• C. Transient temperature variations are observed in association with human presence or with typhoons, with a characteristic spatial pattern revealing structural heterogeneity. Variations with periods ranging from 1 day to 1 week, with an amplitude two time larger and a phase advance on the floor with respect to the ceiling, are observed from November to May. Variations with periods larger than 1 week, with an amplitude two times smaller and a phase lag on the floor with respect to the ceiling, are observed from June to October. These cycles are linked to the sign of the seasonal heat flux. We propose an interpretation in which heat transfer in the cavity is dominated by diffusion of water vapour from June to October (heat flux downwards, summer regime) and by convective water transport from November to May (heat flux upwards, winter regime). The water flow inferred from this model can be used to predict the water saturation of the rock as a function of time. Because of a permanent radiative heat flux from top to bottom, the upward water flow in the winter regime is larger than the downward water flow in the summer regime, resulting in a slow depletion of water from the rock below the cavity. This unbalanced water flow could contribute to an observed steady secular increase of rock resistivity, and possibly also to the long-term temperature increase of 0.1
• C per year. It is important to understand these processes in the context of underground geophysical observatories, underground waste storage and contaminant transport, as well as for the preservation of cultural items such as cave paintings.
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I N T RO D U C T I O N
Understanding the thermodynamics of underground cavities is a pre-requisite in many applications of economic or cultural importance. Assessing the stability of underground nuclear waste storage sites is currently a major issue and the effect of artificial heat sources has been studied in dedicated experiments (e.g. Birkholzer & Tsang 2000; Witherspoon 2000) . While the main results of these experiments, and in particular the artificial heat-driven water flows, can be accounted for in the framework of thermohydromechanical models (e.g. Tsang 2000) , the long-term impact and the effects of structural heterogeneity remain poorly known. Similarly, the preservation of precious cultural heritage items such as cave paintings (e.g. Hoyos et al. 1998; Sanchez-Moral et al. 1999) (De Freitas & Littlejohn 1987) relies on the knowledge of heat and moisture exchange between the partially saturated rocks and the atmosphere.
A possible method for assessing the water content of rocks is the measurement of electrical resistivity. Surprising observations have been collected at the underground crustal deformation observatory in Aburatsubo, Japan, where the apparent resistivity of the rock has been monitored since 1968 (Yamazaki 1975; Utada et al. 1998; Yoshino et al. 1998) . Annual relative variations of resistivity ρ/ρ of the order of 1 per cent are observed, on top of a linear increase of about 0.5 per cent per year. A striking feature of the data is the presence of co-seismic changes, with a sign that exhibits seasonal variations: these are positive from November to April and negative from May to October.
Preliminary temperature measurements at various depths in the Aburatsubo cavity led workers to suspect a crucial role for the heat flux in the observed resistivity variations . Because of the large latent heat of vaporization of water, temperature measurements are a powerful tool for exploring water exchanges between rocks and the atmosphere (Morat et al. 1999; Brüggerhoff et al. 2001 ). Here we report new temperature measurements performed at the rock-atmosphere interface in the Aburatsubo underground observatory.
T H E S I T E A N D T H E E X P E R I M E N TA L S E T -U P
The temperature measurements were performed in the vault of the Aburatsubo observatory where resistivity measurements have been performed since 1977 (Fig. 1) . The host rock is a weakly consolidated tuff formation with a porosity of the order of 40 per cent and a volume water saturation S w of the order of 85 per cent . The cavity has a height h of about 2 m and a floor surface area S of 68 m 2 (Fig. 2) . It is located about 2 m above an aquifer connected to the sea, as revealed by resistivity soundings .
The room is protected from external ventilation by a set of doors ( Fig. 2) and is subject to temperature changes associated with diffusion from the ground surface through about 6 m of rock, and possibly to water percolation associated with rainfall. . AA indicates the location of the cross-section shown in Fig. 3. ations can in principle also induce temperature changes and water transport (Pisarenko et al. 1996; Perrier et al. 2001) . The average temperature of the atmosphere is 17.5
• C. The temperature measurements were performed about 1 m from a cement wall closing the access to another room where ground tilt and extension were measured (Fig. 2) . Ten thermistors, labelled TA1 to TA10, were installed at a depth of about 2 cm in the rock with a spacing of about 40 cm (Fig. 3) . Each thermistor has a length of 30 mm and a diameter of 5 mm, and is characterized by a relationship between resistance and temperature given approximately by:
where R is the resistance, T the temperature in degrees Celsius, and R 0 and T 0 are constants with values of 5800 and 23
• C respectively, leading to a sensitivity of about 118
• C −1 at 17.5
• C. Data are recorded with a sampling interval varying from 1 to 5 min.
The absolute calibration of the thermistors is not known to better than 0. was performed. For this purpose, the 10 sensors were monitored in a regulated and stirred thermal bath for several hours. A linear relationship between the resistance values of TA2 to TA10 as a function of the resistance of TA1 taken as reference was observed and fitted. The results of these fits were then used to correct the observed resistance values measured in the cavity before the global absolute conversion function given by eq. (1) was applied. The expected precision of this relative calibration is of the order of 0.005
O V E RV I E W O F T H E T E M P E R AT U R E P RO F I L E D ATA
The vertical temperature profile has been operating since 2000 September without interruption except for a few minutes at the time of the monthly maintenance (Fig. 4) . The data exhibit a yearly variation of about 1.2
• C peak to peak, in agreement with previous measurements in the ground Yoshino et al. 1998) , on top of a temperature increase of about 0.1
• C per year. The most striking feature of the data (Fig. 4) is that temperatures at TA9 and TA10 are significantly lower than the other eight temperatures from May to October, in a reproducible manner, whereas during the period from November to April, temperatures TA7 to TA10 vary grouped together with lower values, separated from TA1 to TA6 at higher values.
In Fig. 5 (a) the average temperature is shown as a function of time and it is compared with an annual sinusoidal variation of amplitude 0.6
• C on top of a linear trend of 0.1 • C per year. The curve describes the data well, except during the year 2002 during which larger perturbations have been taking place. In 2002 March, indeed, extensive work took place in the cavity and seems to have perturbed the annual cycle for the remainder of the data set. Before 2002, the residuals, defined as the difference between the data and the curve, remain smaller than 0.1
• C. These variations are coherent over the 10 sensors (Fig. 4) . Some coherent transient variations of about 1 month's duration, for example in 2001 May and June, could be correlated with the rainfall recorded at the Miura weather station located 3 km northeast of Aburatsubo (Fig. 5b) , but no systematic pattern emerges between the transient temperature variations and rainfall. Note in particular that although positive temperature variations tend to follow the large rain spikes in 2001 August and September, another similar temperature variation is observed in 2001 July, when no significant rainfall was recorded. Spikes and short-term changes also emerge in Figs 4 and 5: they are associated with human presence in the cavity. Such artificial perturbations actually provide useful and important information, as discussed later.
The vertical temperature difference T ceiling − T floor is also shown as a function of time in Fig. 5(c) . The ceiling temperature T ceiling is defined as the average value of TA1, TA2 and TA3 which are installed in the roughly horizontal ceiling (Fig. 3 ). The floor temperature T floor is defined as the average of TA9 and TA10. The vertical temperature difference always remains positive, with values varying with time from 0.04 to 0.28
• C, with a clear semi-annual seasonal pattern. Moreover, this positive difference is gradually increasing with time ( Fig. 5c ). In addition, from May to October (summer regime), the temperature difference is characterized by transients with a period of about 2 weeks to 1 month. From November to April (winter regime) these transients are dominated by higher-frequency variations of a more oscillatory type.
The average vertical residual temperature profile is shown in Fig. 6 separately for various time intervals. As was already shown in Figs 4 and 5, the temperature of the ceiling is higher than the temperature of the floor. In addition, a smooth spatial variation is observed. The maximum temperature may not be at the ceiling but at the top region of the wall between sensors TA4 and TA5 (Fig. 3) . However, to a first-order approximation, the temperature can be considered spatially uniform over the ceiling and the upper part of the wall, with a fast linear decrease of temperature from about half height to the floor. The profiles for the winter and summer regimes are slightly different, but both are reproducible from year to year to an astonishing degree of precision, even for the last profiles of 2002, although they are shifted because of the perturbation mentioned earlier. In particular, the curvature of the spatial temperature variation for sensors TA7 to TA10 is convex for the summer regimes and concave for the winter regimes.
Note that the relative calibration of the sensors is essential to obtain the smooth and reproducible profiles of Fig. 6 . If a smooth polynomial of degree 3 is fitted to the spatial variations shown in Fig. 6 , the standard deviation of the difference between the observed temperature and the polynomial is about 0.013
• C on average. This provides an estimate of the relative temperature calibration error of the sensors. If the relative calibration is not taken into account, no smooth profile is observed and this standard deviation is increased to 0.070
• C. Without the relative calibration, the resolution would have been insufficient to guarantee that the ceiling temperature is systematically higher than the floor temperature. Note, however, that if the relative calibration is not taken into account a linear fit of the temperature as a function of position still would have led to a positive slope, and hence suggested a vertical positive gradient, but with a much reduced significance.
R E S P O N S E O F T H E T E M P E R AT U R E P RO F I L E T O P E RT U R B AT I O N S
The coherent transient temperature variations, if not associated with rainfall as mentioned earlier, could be related to variations of atmospheric pressure . Temperature variations ranging (1-40) × 10 −3 • C (hPa) −1 have been observed in the atmosphere of an underground limestone quarry in Vincennes, near Paris, France . In Aburatsubo, most coherent transient temperature variations are of the order of 0.1
• C (Figs 4 and 7) and are therefore too large to be attributed to pressure variations, except for abrupt changes during typhoons. The effects of two typhoons for example (typhoon number 15 and typhoon number 11) are visible in Fig. 7 . The corresponding temperature disturbances depend on the position in the cavity as shown in Fig. 8(a) . The maximum value amounts to 25 × 10 −3 • C for typhoon number 15 and 9 × 10 −3 • C for typhoon number 11, corresponding respectively to couplings of 0.9 × 10 −3 and 0.75 × 10 −3 • C (hPa) −1 , in agreement with the Vincennes experiment. Note that a characteristic spatial structure of the response emerges in Fig. 8(a) , reproducible for the two typhoons. This spatial structure is not present in the average temperature profiles of Fig. 6 , and thus must be due to a local effect that can affect the short-term response (periods of the order of 1 hr), but not long-term variations with periods longer than 1 day.
In addition to natural disturbances such as typhoons, our temperature profile data are also perturbed by human presence (Figs 4, 5 and 7). The thermal effect of human presence is visible for several hours after the cavity has been isolated again and the time necessary to recover from the perturbation is more than 2 days. Assuming a constant exponential decay, a characteristic time of the order of 30 hr is obtained for all sensor positions.
The amplitude of two perturbations is shown as a function of position in Fig. 8(b) . Amplitudes vary from 0.05 to 0.2
• C, significantly larger than the response to typhoons. The response to human presence has a definite spatial variation, with a maximum in the middle of the ceiling (sensor TA1). Each human presence, at rest, provides a local thermal buoyancy source with a power of the order of 100 to 140 W (e.g. Villar et al. 1984; Linden 1999) . The heating then results in the formation of a layer of hot air that progressively invades the cavity from the top with a filling box mechanism (Baines & Turner 1969) . The amplitude of the heating (0.2
• C) is compatible with the results of heating experiments performed in the Vincennes quarry (Crouzeix et al. 2003) and measurements performed in painted caves during visits (Hoyos et al. 1998; Sanchez-Moral et al. 1999) .
C H A R A C T E R I Z AT I O N O F T H E S U M M E R A N D W I N T E R T H E R M A L R E G I M E S
Summer and winter regimes can also be characterised as follows. The relative amplitude of the coherent temperature waves TAi with respect to TA1 is estimated by a simple correlation ratio :
where TAi(k) refers to a given temperature residual time series for sensor TAi and TA1(k) the corresponding time series for sensor TA1. This correlation ratio is calculated by averaging the values obtained from four consecutive time intervals of a duration of 4 days each. The ratios TA10/TA1 and TA6/TA1 are shown as a function of time in Fig. 9 and all ratios TAi/TA1 are shown as a function of position in Fig. 10(a) . These ratios exhibit seasonal variations that precisely correspond to the previously defined summer and winter regimes (Fig. 9) . During winter regimes, the coherent temperature variations have amplitudes about two times larger on the floor compared with the ceiling, and, during summer regime, amplitudes about two times smaller on the floor compared with the ceiling. This fact could actually already be noticed in Fig. 4 . This time and spatial structure is reproducible as indicated by Fig. 9 , and by the overlap of the two winter and summer profiles of ratios shown in Fig. 10(a) . Not only is the magnitude of the ratios reproducible, but also their spatial structure to the finest details. Moreover, the perturbation of 2002 March does not affect this pattern. The frequency contents of the temperature residual of sensor TA10 during the winter and summer regimes are compared in Fig. 11 . Both temperature power spectra are dominated by a f −2 variation, where f is the frequency, over more than two orders of magnitude of frequency. This spectral exponent indicates a signal typical of Brownian noise (e.g. Turcotte 1992 ). In the case of the of the correlation factors in winter of Fig. 10(a) , indicating that the maximum amplitudes occur at sensor TA9.
The correlation of the various sensors to TA1, calculated so far in the time domain, can also be studied in the frequency domain (Fig. 12) . The coherence is calculated as the modulus of correlation obtained from four consecutive time sections. In summer, the modulus of the transfer functions TA10/TA1, TA6/TA1 and TA3/TA1 is smaller than one over the whole frequency range, in agreement with the previous results given by the correlation ratios (eq. 2), with the additional information of a negative phase (phase delay). The coherence is above 0.8 and a possible slight frequency variation is suggested by the data. During winter, however, the pattern is more complicated than anticipated from the time domain correlation ratios. The modulus is decreasing significantly, from values larger than 1 at the lower frequencies, associated with increasing and positive phases (phase advance) and a significantly decreasing coherence at periods of a few hours.
To conclude, an amazingly coherent picture emerges from the temperature profile data. All transient and oscillatory variations are spatially organized according to the two regimes. This remarkable organization suggests that the transient thermal perturbations are likely to have little relationship to meteorological artefacts such as rainfall but rather are signatures of physical processes in the cavity itself.
I N T E R P R E TAT I O N I N T E R M S O F H E AT F L U X
The transition between the summer and winter regimes occurs about one and a half months after the temperature maximum (Figs 4 and 5) , corresponding to about one-eighth of a period. For any 1-D harmonic diffusion process, this corresponds to the time of change of sign of the flux. Indeed, consider a 1-D thermal diffusion along a vertical axis z (positive upwards) in a medium of thermal conductivity K T and thermal diffusivity κ(κ = K T /ρ r c p where ρ r is the density and c p the specific heat). The temperature T is given as a function of position and time t by:
where t 0 is the period and λ T is the thermal diffusion length √ κt 0 /π , assuming a variation normalized to ±1 at z = 0. The heat flux F is then given by
which is crossing zero from negative to positive values when t = t 0 /8 at z = 0. This suggests that the heat flux is upward during the winter regime from November to April and downward during the summer regime from May to October. This guess can be confirmed because a restricted set of temperature measurements is available in the vault (point TR in Fig. 2 ) at various depth intervals: 2, 34, 50, 66 and 98 cm Yoshino et al. 1998 , Fig. 10 ). An estimate of the heat flux in the rock below the cavity can then be obtained from
where T i and T j are the temperatures measured at depths i and j respectively. The heat flux given by eq. (5) is an estimate at the average depth 1/2(z i + z j ), but can be transferred to a reference level at the floor of the cavity using eq. (4). In the cavity itself, the heat transfer may not be conductive; then eq. (3) cannot be applied. Indeed, the data show (Fig. 4) that the annual temperatures variations are in phase from ceiling to floor. In Fig. 9 , the heat flux at the floor of the cavity obtained from the temperature measurements at depths of 34 and 66 cm is compared with the simple 1-D expectation given by eq. (4) derived from the average values of the TA sensors. A value of K T = 2 W m −1 K −1 is used for the thermal conductivity of the rock (Musy & Soutter 1991) , compatible with the measured value for wet tuff at Yucca Mountain (Birkholzer & Tsang 2000) . The thermal diffusion length for the annual variation is taken as 3.2 m, corresponding to a thermal diffusivity κ of 10 −6 m 2 s −1 . The heat flux data were obtained mostly in 1999 and they are therefore artificially shifted by 1 yr and 2 yr to the 2000 September to 2002 January period. The amplitude and, more significantly, the phase are in good agreement with the expectation and support the hypothesis that the winter and summer regimes are driven by the direction of the heat flux in the cavity. The measured peak magnitude of the heat flux amounts to 0.4 W m −2 , which is slightly smaller than the expected magnitude. The difference is, however, not significant given the simplicity of the calculation and the artificial 1-yr time shifts. In addition, given the fact that the pattern of heat flux through and around the cavity is actually at least 2-D, a larger discrepancy between the data and the simple estimate would still have been acceptable. Both the heat flux at the floor of the cavity and the vertical temperature profile are measured quantities and the details of the heat transfer from the ground surface into the large scale embedding of the cavity are therefore not essential. In particular, the effects of the topography, rock heterogeneity, ocean or the aquifer need not be considered. Here, we have to address how, given the boundary conditions, the heat transfer takes place locally through the air of the cavity.
E S T I M AT E S O F H E AT T R A N S F E R M E C H A N I S M S T H RO U G H T H E C AV I T Y
The Aburatsubo vault is characterized by two important facts: the ceiling temperature is always higher than the floor temperature (Fig. 5c ) and the cavity is subject to a large seasonal heat flux of peak magnitude ±400 × 10 −3 W m −2 (Fig. 9c) ; this is large compared with the geothermal heat flow which is measured to amount to 30 × 10 −3 W m −2 at Yokosuka, in the Miura peninsula, 15 km northeast of Aburatsubo. Since the ceiling temperature is always larger than the floor temperature, thermal convection cannot take place. The heat flux F D T by thermal diffusion in the cavity atmosphere is always downward and its value is given by:
where K a T is the thermal conductivity of dry air. Taking (Musy & Soutter 1991) , this expression gives a maximal value of −2.3 × 10 −3 W m −2 , which is negligible. Radiative transfer, however, can be an important contribution to heat transfer in underground cavities (Villar et al. 1984) . In our case, the vertical radiative heat flux F R T can be estimated as (Villar et al. 1984) :
where T 0 is the average absolute temperature in the cavity (290 K), σ is the Stefan constant (5.67 × 10 −8 W m −2 K −4 ) and ε c is an emissivity constant depending on the amount of water vapour and CO 2 in the cavity. Taking ε c = 0.8 (Villar et al. 1984) , the radiative heat flux is always negative, with a peak value of −220 ×
10
−3 W m −2 , which is significant compared with the maximum seasonal heat flux of ±400 × 10 −3 W m −2 . Since the vertical temperature gradient is locked to positive values, the time-varying heat flux through the cavity must be transferred through phase changes of water. The heat flux to be transferred by water vapour (F w ) is given by F − F R T and has a peak value of 620 × 10 −3 W m −2 in winter (positive, upwards) and −180 × 10
(negative, downwards) in summer, with the above estimates. In summer (Fig. 13a) , water vapour can transport heat downwards by evaporation on the ceiling and condensation on the floor, and the transport in the atmosphere of the cavity can take place by diffusion of water vapour. Indeed, if a linear profile of relative humidity exists in the cavity as depicted in Fig. 13(a) , then the heat flux F D w transferred by water diffusion is given by:
where L is the latent heat of vaporization of water (2.5 × 10 6 J kg −1 ), D is the diffusion coefficient of water in air (2.1 × 10 −5 m 2 s −1 ), c s w is the saturated water content of air at 17.5
• C (0.0152 kg m −3 ) and RH max and RH min define the range of relative humidity variation in the cavity (Fig. 13a) . Taking RH max = 1 and RH min = 0.4, eq. (8) gives −240 × 10 −3 W m −2 . Water diffusion can therefore accommodate the required heat flux during summer. Note that if radiative transfers are not taken into account, the maximum heat flux that can be accounted for by water vapour diffusion corresponds to RH min = 0 and amounts to −398 × 10 −3 W m −2 . In winter, the direction of heat flux to be transferred by water is reversed and the water-saturated layer of air must be at floor level. This configuration is unstable and leads to a strong buoyant convection regime (Fig. 13b) . When convection is established, the relative humidity profile will be almost homogeneous in the cavity, with at most a small adiabatic gradient, with diffusive transfer in the boundary layers only. The presence of convection in winter is also compatible with transient variations with shorter timescales compared with the summer regime, and a phase advance at the floor with respect to the ceiling.
Known scaling relations of turbulent convection can be used to estimate the convective heat flux F C w transferred by the water vapour buoyancy, expressed as (e.g. Grossmann & Lohse 2000 :
where the diffusive heat flux F D w is given by eq. (8) and Nu is the Nusselt number, related to the Rayleigh number Ra by a universal scaling relation:
with c = 0.22 and α = 0.29. Here Ra is defined as:
where ν is the kinematic viscosity of air (1.6 × 10 −5 m 2 s −1 ) and B is the buoyancy given by
where g is the acceleration of gravity, ρ d a the density of dry air, ρ a the density difference due to water vapour, p v the saturated vapour pressure (2048 Pa at 17.5
• C), p the atmospheric pressure, M a the molar mass of dry air (0.029 kg) and M w the molar mass of water (0.018 kg). Assuming, as an example, RH max = 1 and RH min = 0.96, one has Ra = 7.2 × 10 7 , a value well in the turbulent convection regime, which gives Nu = 42 according to eq. (10). According to eqs (8) and (9), the heat flux then amounts to 670 × 10 −3 W m −2 . In the convective regime, even with a small vertical relative humidity gradient, the necessary upward heat flux can be accommodated. The thickness of the thermal boundary layer can be estimated as 0.5h/Nu (e.g. Grossmann & Lohse 2000) and has a value of the order of 2 cm.
Conversely, from eqs (8) to (12), in the context of the simple models depicted in Fig. 13 , the relative humidity profile in the cavity can also be expressed as a function of time (Fig. 14) . The contribution of the radiative heat transfer is calculated as a function of time using eq. (7) and an approximated smooth variation as a function of time of the temperature difference T ceiling − T floor , adjusted to the measured values shown in Fig. 5(c) . The predicted relative humidities at ceiling level, floor level and at mid-height are shown in Fig. 14(b) . During the winter regime (upward heat flux), the reduction of saturation of the atmosphere is at most 4 per cent at ceiling level, which is difficult to measure. To a first approximation, the atmosphere thus remains close to saturation during the whole winter regime. During the summer regime, however, a significant, and in principle measurable, desaturation of the atmosphere is expected from July to September, especially at floor level where a relative humidity of 40 per cent is possible. This estimate, however, relies on the knowledge of the radiative heat transfer, which accounts for about half of the heat flux, and which remains rather uncertain.
E S T I M AT E S O F S E A S O N A L L I Q U I D WAT E R F L O W
The liquid water volume flow rate Q w necessary to account for the heat flux is given by F w /Lρ w where ρ w is the density of liquid water, and is also shown in Fig 14(c) as a function of time. Maximum values of the order of 1 ml m −2 hr −1 are calculated for the condensation rate on the ceiling in winter. Because of the contribution of radiative heat transfer, a smaller maximum value of −0.3 ml m −2 hr −1 is expected for the condensation rate on the floor in summer. This small water flow changes the average saturation S w of the rock mass below the cavity according to
where d R is the thickness of the affected rock layer and is the total porosity (40 per cent). Taking d R = 40 cm, which is a reasonable value as the depth of the aquifer is about 2 m , the resulting saturation change S w is shown in Fig. 14(c) as a function of time. An annual variation of the order of 1 per cent is observed but, in addition, as the water flow is not symmetrical because of the permanent downward contribution of radiative transfer to the heat flux, a net desaturation of the rock mass of the same order of magnitude is expected to take place simultaneously. This effect may contribute to the observed steady increase of resistivity as a function of time .
Concerning the co-seismic resistivity changes, the fact that the annual cycle of the sign of the resistivity changes corresponds to the sign of the heat flux ) is now clarified. Indeed, in our model, heat flux is related to water flow, and thus can drive the rock resistivity.
This model provides an appealing coherent interpretation of the data. In particular, the orders of magnitude of the heat transfer are satisfactory without arbitrary parameters. Therefore, other possible contributions to the thermal budget of the cavity need not be considered at this stage. In particular, natural ventilation (Linden 1999) , which plays an important role in underground settings (De Freitas et al. 1982; Perrier et al. 2002 Perrier et al. , 2004 , is not required here to account for the seasonal evaporation and condensation processes. Natural ventilation is presumably weak in the Aburatsubo vault, but pending experimental assessments it may offer an interesting option for alternative models.
C O N C L U S I O N A N D P E R S P E C T I V E S
The analysis of the spatial and temporal temperature variations at the rock-atmosphere interface in the experimental vault at Aburatsubo leads to a qualitative and quantitative physical understanding of the reproducible winter and summer regimes characterizing this site. Thermal signatures support the hypothesis of alternating diffusive and convective water exchange processes. It is important to take into account such processes for the modelling of various parameters recorded in the Aburatsubo observatory such as electrical resistivity, deformation or seismic velocity (Yamamura et al. 2003) . The origin of the coherent thermal breathing with periods ranging from 1 day to 1 month, in both the winter and summer regimes, remains poorly understood.
Our analysis suggests that the vertical temperature gradient plays an important role in the dynamics of underground cavities. Unfortunately, few high-precision data have been published. Measuring the vertical temperature difference is problematic in general, as highprecision set-ups need to be installed for long periods of time. Punctual measurements usually give erroneous results as the presence of an operator may cause temperature effects larger than the vertical temperature difference, especially near the ceiling, as illustrated in Fig. 8(b) . Dedicated and precise experiments should therefore be undertaken in various contexts to measure the vertical temperature gradient.
Water transfer through phase changes has important consequences for the conservation of cave paintings. As an illustration, let us consider a cavity which is located deep enough to be free of seasonal heat flux variations (for example a depth larger than 40 m) and which initially has a negative temperature gradient, with radiative and convective upward thermal transfer of the geothermal heat flow. We can expect an adiabatic temperature gradient in this situation. In such a cavity, water phases do not need to take place, and vertical water flow can be small or even zero. If this cavity now suffers an intrusion due to a human presence, even for a short duration, this causes heating at the ceiling, which can easily reach 0.2
• C, as observed in Aburatsubo, with a recovery time larger than 1 day. If the vertical temperature gradient then becomes positive a downward radiative heat transfer takes place. The only process by which this radiative heat flux can be compensated, to restore the upward geothermal heat flow, is by generating a vertical heat transfer by water exchange. This inversion of the natural temperature gradient hence generates a vertical water flow in the cavity. Furthermore, this positive temperature gradient could be self-stabilizing; the cavity, even if only perturbed for a short amount of time, may not return rapidly to its initial state, and the water flow may continue after the perturbation. As the Aburatsubo data show, not only the ceiling and the floor but also the walls are taking part in the evaporation and condensation process. If the ceiling and walls of the cavity bear precious pre-historic paintings great damage may result, adding to the chemical effect of water and carbon dioxide emitted by the visitors (Sanchez-Moral et al. 1999 ). An underground cavity thus may not be resilient to a transient local heating, even if it is small (100 W) and for a duration of a few hours only. Heating experiments in the underground Vincennes quarry indeed indicate long-term effects and even suggest irreversible temperature changes (Crouzeix et al. 2003) . Cumulative effects of a similar nature due to visitors have also been reported in painted caves (e.g. Hoyos et al. 1997) .
Monitoring the atmospheric temperature in a painted cave is largely insufficient for the study of such processes; both the rock temperature and the rock-atmosphere interface must be simultaneously monitored. In the context of painted caves, where it is not permissible to damage the walls by drilling, one could use techniques where the temperature of the interface is sampled by contact only without drilling a hole. Indeed, dedicated experiments performed in a climatic chamber in the context of the preservation of historical monuments have demonstrated that, to a first approximation, the temperature of a rock can be monitored by simple contact, in particular as far as the water flow is concerned (Brüggerhoff et al. 2001) .
In the context of underground waste repositories, the modification of the water flow pattern by permanent or transient heat sources may result in accelerated degradation processes at ceiling level. If condensation is initiated at the ceiling, in particular, the corrosive properties of pure water may lead to the dissolution of calcite sealing fractures (Morat & Le Mouël 1992; Sanchez-Moral et al. 1999) . In order to characterize such processes, geochemical methods may be of great help. In general, the underlying dynamics driving the longterm processes in an underground cavity may include important chemical feedback loops, for example through atmospheric CO 2 (Baker & Genty 1998) .
Concerning the long-term temperature increase of 0.1 • C observed in Aburatsubo, it is premature to present it as reliable evidence for local or global warming. However, a similar temperature increase has been simultaneously observed at Vincennes (Crouzeix et al. 2003) . Subsurface monitoring of climate changes certainly appears to be an interesting option.
Beyond geophysical observatories, preservation of painted caves and underground waste storage, underlying physical processes involving compositional buoyancy are important for understanding the dynamics of the atmosphere, the ocean and of the Earth's interior.
